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Understanding of the neural and physiological substrates of hunger and satiety has 
increased rapidly over the last three decades and has already identified 
pharmacological targets for the treatment of obesity that have moved from pre-clinical 
screening to therapies approved by regulatory authorities. This review initially 
describes the way in which physiological signals of energy availability interact with 
hedonic and rewarding properties of food to modulate the neural circuitry that supports 
eating behaviour. This is followed by a brief account of current and promising targets 
for drug development and a review of the wide range of preclinical paradigms that 
model important influences on human eating behaviour, and can be used to guide early 




It is widely acknowledged that the process of taking a novel scientific finding that 
identifies a potential therapeutic drug target through successful development and 
introduction of a treatment is fraught with difficulty (Scannell and Bosley, 2016). The 
reasons include unexpected toxicity and other side effects, as well as a lack of efficacy 
that becomes apparent as a drug moves from preclinical to clinical stages of testing 
(Smietana et al., 2016). The development of drugs to treat behavioural and CNS 
disorders has been particularly prone to these issues (Pangalos et al., 2007). 
However there have also been successes, including the early development of 
dopaminergic therapies, such as L-DOPA and the dopamine receptor agonists 
pramipexole and ropinirole, for Parkinson’s disease (Oertel and Schulz, 2016). In other 
areas, such as anxiety and depression, drugs have often been identified 
serendipitously and progress in developing novel and more effective therapies has 
been slow. However with the recent introduction of several new drug classes, the area 
of appetite, eating disorders and obesity is one in which new scientific knowledge is 
capable of driving successful drug discovery programmes. 
Changes in body weight are an inevitable consequence of an imbalance between 
energy input and energy loss, and the first Law of Thermodynamics. However the two 
sides of this equation are not equivalent to food intake and voluntary activity and the 
presumption that obesity results from some combination of ‘gluttony’ or ‘sloth’ (Prentice 
and Jebb, 1995) is not justified. Energy in food only become available after complex 
processes of digestion, which themselves require energy, and it’s efficiency is also 
influenced by variation in the gut microbiome (Ridaura et al., 2013). Energy loss 
consists of several components apart from voluntary activity, each of which is subject 
to physiological variation (Blundell, Gibbons, et al., 2015) 
In humans daily the ‘recommended’ daily intake for adult males is about 104 kJ 
implying that total energy intake over a span of 50 years will approach 2x108 kJ. 
Moreover experiments in which human diets are covertly manipulated have shown that 
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excess energy intake of about 3 x 103 kJ may be associated with the gain of 100g 
adipose tissue (Prentice and Jebb, 2003). This suggests that even small variation in 
cumulative energy balance over time has the potential to lead to clinically significant 
changes in body weight and supports the view that, at some level, energy balance is 
achieved through the action of a regulated, homeostatic system. However the ability to 
measure small, but clinically significant, changes in either energy input or output that 
lead to obesity in ‘free-living’ humans is quite limited. In addition human energy intake 
is highly variable on a day to day basis and energy expenditure may also vary as a 
consequence of under- or over-feeding (Chow and Hall, 2014; Hall, 2010). The 
physiological and behavioural mechanisms that underlie this linkage of energy intake 
and expenditure are poorly understood although they may be highly relevant to 
advancing novel therapies for obesity. 
Although energy balance is subject to strong physiological regulation, it has become 
increasingly clear that feeding behaviour is also strongly influenced by non-
homeostatic signals that may derive from a variety of sources. These include broad 
environmental features such as food availability and palatability (Berthoud, 2012). Prior 
experience and learning may result in environmental cues associated with palatable or 
rewarding foods exerting a facilitating effect on intake that overrides or resets 
homeostatic controls (Weingarten and Martin, 1989). Challenges during foetal and 
early life may also lead to long lasting effects on feeding and body weight, acting 
through epigenetic mechanisms (Benite-Ribeiro et al., 2016). ‘Acceptable’ body size 
may be set by social and cultural influences. More recently it has also become clear 
that energy utilisation and expenditure may also be subject to greater variation than 
previously appreciated (Blundell, Finlayson, et al., 2015). 
The probability of the successful development of a novel drug therapy for obesity will 
be increased if the pharmacological target has been chosen from a knowledge of the 
neural mechanisms that underlie eating behaviour and has been validated in a range of 
carefully chosen preclinical models. The following sections of this review discuss each 
of these areas. 
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Physiological and neural substrates for hunger and satiety 
Hunger, satiation and satiety, are best considered as behavioural constructs that 
describe changes in the probability of feeding over time. A state of hunger in a non-
feeding animal increases the probability that feeding will be initiated, or in the case of 
an animal that is already feeding, that it will continue to eat. Satiation is the process 
that leads to the cessation of food intake and satiety is the state in which, as a result of 
prior ingestion, the initiation of a further bout of food intake is unlikely (Clifton, 2000). 
Though it might be argued that satiety and hunger are simply the inverse of one 
another and that the additional terminology is unnecessary, there are good theoretical 
reasons why this position can be rejected. In most animals, and particularly in humans, 
active feeding occupies a small part of the overall time budget. It therefore follows that 
body energy reserves will increase rapidly during a meal and decrease more slowly 
between meals. As a consequence, many of the physiological signals of energy 
balance will lag ingestion. Thus, the termination of a meal is likely to be signalled by 
early correlates of ingestion whereas meal initiation may be more dependent on more 
slowly changing signals of energy balance. 
Gut hormones and their receptors 
The gut is a rich source of both neural and hormonal signals of energy availability that 
also play an important role in controlling gut motility and the secretion of digestive 
enzymes and insulin (Gribble and Reimann, 2016). Fasting and satiety are 
characterised by distinct hormonal profiles. During fasting the raised level of ghrelin, 
acting via a splice variant of the growth hormone secretagogue receptor (GSHR1a) that 
is expressed both peripherally and within the CNS, is especially significant in 
enhancing the motivation to feed. Peripheral locations of this receptor include the beta 
cells of the pancreas where receptor activation leads to the inhibition of insulin release. 
The receptor has a broad CNS expression pattern including hypothalamus, 
hippocampus and several reward-related areas including the ventral striatum (Perelló 
et al., 2012). 
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The passage of food down the digestive tract is associated with the release of gastrin 
and somatostatin (SST) from the stomach, and gastro-intestinal peptide (GIP), 
cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1), oxyntomodulin, and peptide-
YY (PYY) as partially digested food moves to the small intestine (Gribble and Reimann, 
2016). Receptors for each of these hormones are expressed peripherally and in the 
brain, and their endogenous ligands may also be locally synthesised within the CNS. 
CCK-1 receptors are expressed in afferent vagal fibres and several hindbrain and 
hypothalamic nuclei whereas the CCK-2 receptors have a much more widespread CNS 
distribution (Moran and Kinzig, 2004). GLP-1 containing cell bodies are restricted to a 
group of non-catecholamineric cells in the caudal nucleus of the solitary tract (Larsen 
et al., 1997). However GLP-1 receptors are widely distributed in the CNS in areas 
including hypothalamus, ventral tegmental area and a number of brainstem sites 
relevant to feeding behaviour (Göke et al., 1995). PYY receptors have a similarly 
widespread CNS distribution (Karra et al., 2009) and there is a restricted group of PYY-
expressing cells in the gigantocellular reticular nucleus of the rostral medulla (Gelegen 
et al., 2012). It is likely that some of these receptor populations will also be able to 
sense circulating PYY. Oxyntomodulin reduces gastric acid secretion and is an agonist 
at glucagon and GLP-1 receptors. 
In addition to gut-derived peptides there are several other hormonal systems that may 
exert powerful effects on appetite. These include the adipokine leptin, the pancreatic 
hormones insulin and glucagon and adrenal corticosteroids. The CNS distribution of 
leptin receptors in the brainstem and hypothalamus is similar to that for ghrelin, 
although co-expression of these two receptors in individual neurons is rare (Perelló et 
al., 2012). Insulin receptors are also widely expressed in the CNS, both in structures 
classically associated with feeding behaviour, such as the hypothalamus, as well as in 
other areas such as piriform cortex, hippocampus and choroid plexus (Blázquez et al., 
2014). 
Brain structures implicated in the control of feeding behaviour 
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Given the relatively widespread CNS distribution of receptors for gut-derived 
hormones, the CNS circuits that modulate feeding behaviour might similarly be broadly 
distributed, although it would also consistent with them having functions independent 
from the modulation of feeding behaviour in some cases. Seminal studies of 
hypothalamic function suggested a dual centre hypothesis for the hypothalamic control 
of appetite (Anand and Brobeck, 1951; Hetherington and Ranson, 1942) that 
dominated the field until at least the late 1980’s, but evidence has now accumulated to 
support the concept of a broader distributed CNS system in feeding behaviour (Kelley 
et al., 2005). The components of this system, aside from the hypothalamus, include 
specific brainstem nuclei, including the nucleus of the solitary tract (NTS) and lateral 
parabrachial nucleus (PBN), reward-related areas such as ventral tegmental area and 
ventral striatum and specific cortical areas, such as orbitofrontal cortex. 
Brainstem. Several brainstem nuclei (Figure 1A) play an important role in feeding (Grill 
and Hayes, 2012). The NTS has a key role in the integration of interoceptive inputs and 
modulation of forebrain systems that both mediate homeostatic and reward-related 
functions (DL Williams, 2014). It receives vagal inputs from the gut that signal stretch 
and tension resulting from ingestion of food, in part mediated by 5-HT3 receptors. Cells 
of the NTS also express receptors for leptin, ghrelin and other gut peptides, and 
receive vagal inputs from cells in the nodose ganglion of the vagus nerve that also 
express receptors for this group of peptides (Grill and Hayes, 2012). It is likely that 
stimulation of vagal CCK-1 receptors is important in the short term satiety-enhancing 
action of CCK (Moran and Kinzig, 2004). CCK-expressing neurons are also present in 
the NTS and activation of these cells has complex, pathway-specific effects. Activation 
of the cell bodies using a Cre-dependent Gaq-coupled DREADD receptor activated by 
clozapine-N-oxide (CNO) resulted in an aversive effect (Roman et al., 2017). In the 
same study it was shown that optogenetic stimulation of the projection of these cells to 
the parabrachial nucleus (PBN) had a similar aversive effect whereas similar 
stimulation of the projection to the paraventricular hypothalamus (PVH) had an 
appetitive component when measured by a real time place preference task (Roman et 
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al., 2017). In this context it is important to note that the behavioural satiety sequence 
obtained after systemic administration of CCK resembles that of true satiety rather than 
an aversive state (Halford et al., 1998). Leptin signalling in the NTS can serve to 
amplify the effects of vagal GI signals on eating by directly influencing meal size 
(Kanoski et al., 2012). In addition the NTS and other hindbrain nuclei may be directly 
sensitive to circulating glucose levels (Jordan et al., 2010). The NTS contains a small 
number of GLP-1-containing cells that project to the hypothalamus, including the 
arcuate, paraventricular and lateral nuclei, and also to the core and shell of the nucleus 
accumbens (Williams, 2014). This circuitry demonstrates the way in which NTS may, 
by sensing neuronal and hormonal signals associated with eating, influence both 
homeostatic and reward-related functions. The NTS also receives forebrain inputs that 
may serve to modulate eating behaviour. For example, orexin-containing neurons in 
the lateral nucleus of the hypothalamus project to NTS, and 4th ventricle administration 
of the orexin antagonist SB334867 reduces meal size (Parise et al., 2011). 
Proopiomelanocortin (POMC) expressing cells in the NTS are activated by CCK and 
the hypophagic effect of CCK requires activation of central MC-4 receptors (Fan et al., 
2004). 
The area postrema (AP), just dorsal to the NTS, is a circumventricular organ with a 
limited blood-brain barrier. Cells in this area have receptors for leptin and are also 
sensitive to blood born toxins, contributing to the development of conditioned taste 
aversions. The AP is an important site of action for the effects of the pancreatic 
hormone amylin, which is co-secreted with insulin and can have a strong inhibitory 
influence on eating behaviour (Lutz, 2013). Infusion of an amylin antagonist into AP 
increases food intake (Mollet et al., 2004) and systemic administration of the amylin 
agonist salmon calcitonin, which has an extended duration of action, reduces phasic 
dopamine release in the nucleus accumbens, an effect abolished by lesions of either 
AP or the parabrachial nucleus (PBN) (Whiting et al., 2017). Calcitonin-like gene 
related protein-expressing cells projecting from AP to the ventral tegmental area (VTA) 
may mediate this effect. Amylin can also enhance the effects of leptin, CCK and GLP-1 
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on eating through interactions in both AP and in forebrain areas.  There is a substantial 
mixed noradrenergic and serotonergic projection from AP to the PBN, which may act 
as the onward signalling pathway for these actions of amylin (Miceli et al., 1987). The 
PBN is an important relay from the NTS and AP to the forebrain not just for feeding-
relevant information, but also in relation to salt appetite and a variety of other 
regulatory functions. The PBN is also an important site of action for the inhibitory 
effects of serotonin on feeding behaviour through activation of 5-HT1B receptors 
expressed in the lateral nucleus (Lee and Simansky, 1997) and 5-HT2C receptors 
expressed in the medial nucleus (Trifunovic and Reilly, 2006). 
Hypothalamus. The hypothalamus was initially identified as a critical site for feeding in 
the mid 20th century through the use of stereotactically placed electrolytic lesions 
(Anand and Brobeck, 1951; Hetherington and Ranson, 1942), suggesting a medial 
‘satiety centre’ and a more lateral ‘hunger centre’. However it was also recognised that 
lateral lesions potentially compromise fibres of passage, including the median forebrain 
bundle (Morgane, 1961). Neurotoxic lesions of the mesolimbic dopamine projection, 
which passes through the lateral edge of the hypothalamus, give rise to profound 
disturbances of feeding and drinking (Marshall et al., 1974; Ungerstedt, 1971) which 
can be reversed with low doses of dopamine agonists (Ljungberg and Ungerstedt, 
1976). Lateral hypothalamic electrolytic lesions are also associated with somnolence, 
sensory neglect and akinesia (Levitt and Teitelbaum, 1975). In a similar manner the 
identification of more medial areas of the hypothalamus as a satiety centre was 
questioned by the finding that overeating following medial lesions was abolished by 
presented an adulterated diet (Teitelbaum, 1955) and that the animals were also less 
willing than controls to work for food on a lean schedule of reinforcement (Teitelbaum, 
1957). These early studies vividly demonstrated the importance of detailed behavioural 
profiling of any experimentally-induced disturbance of feeding and drinking.  
Nevertheless a considerable body of research since that time has confirmed the 
importance of specific hypothalamic nuclei in feeding  e.g. reviews: (Berthoud, 2002; 
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Rui, 2013; Yeo and Heisler, 2012). The arcuate (AH), paraventricular (PVH) and lateral 
(LH) nuclei are of especial significance (Figure 1B).  
The AH, adjacent to the third ventricle, is a critical input target for hormones, including 
pancreatic insulin and amylin, leptin from adipose tissue, and gut peptides such as 
GLP-1, PYY, CCK, ghrelin and oxyntomodulin. These hormones activate a population 
of POMC-expressing cells within AH that lead to the release of MSH at target neurons 
elsewhere in the hypothalamus. Activation of these cells is associated with reductions 
in eating behaviour (Zhan et al., 2013) although this occurs relatively slowly. Activation 
of a separate population of agouti-related peptide (AGRP) and neuropeptide Y (NPY) 
expressing cells within AH, that also express receptors for insulin and amylin, leptin, 
and gut peptides, is associated with more rapid stimulation of eating behaviour (Aponte 
et al., 2011). AGRP is an endogenous antagonist at melanocortin receptors, including 
the MC4 receptor, and NPY has a potent orexigenic action when infused into PVH 
(Stanley et al., 1993). 
Activation of a recently identified third population of glutamatergic cells within AH that 
express oxytocin receptors leads to a rapid decrease in eating behaviour (Fenselau et 
al., 2017) because of synaptic interactions within the paraventricular nucleus of the 
hypothalamus (PVH). The arcuate nucleus may also mediate the effects of 5-HT, and 
drugs such as the 5-HT releaser fenfluramine, on eating via activation of 5-HT2C 
receptors on POMC-containing cells (Cone, 2005; Y Xu et al., 2008). However these 
hypophagic effects of serotonergic compounds occur rapidly, so presumably there is 
either a pathway that allows serotonergic stimulation to activate the fast acting 
glutamatergic AH pathway, or these rapid effects on feeding behaviour are mediated 
by populations of 5-HT2C receptors expressed elsewhere in the CNS. 
The PVH is a second hypothalamic area of particular significance to eating behaviour 
although it has a much broader role in relation to autonomic function (Ferguson et al., 
2008). Activation of PVH cells expressing the MC4R, receiving their input from POMC-
expressing cells in the arcuate nucleus and then projecting to the lateral PBN, generate 
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physiological satiety (Garfield et al., 2015). A population of oxytocin-expressing cells 
within PVH are inhibited by AGRP-expressing cells projecting from AH, implying that 
tonic activity of these cells is responsible for the suppression of eating behaviour 
(Atasoy et al., 2012). Cells in the mediobasal hypothalamus, which encompasses both 
AH and PVH, express the growth hormone secretagogue receptor (GHSR) which 
mediates ghrelin signalling in the brain. A recent series of experiments using a mouse 
line in which Cre expression is linked to the GHSR promoter in this brain area has 
demonstrated that this cell population is both necessary and sufficient to generate the 
feeding response to ghrelin (Mani et al., 2017). 
LH was originally identified as a ‘feeding centre’ by early lesion studies (Anand and 
Brobeck, 1951), although its potential importance in relation to arousal and sleep had 
been proposed earlier by Von Economo (Economo, 1930) and then confirmed by later 
experimental studies in rodents (Levitt and Teitelbaum, 1975). It is now clear that 
activation of glutamergic cells within the LH, which themselves receive an inhibitory 
input from the bed nucleus of the stria terminalis (BNST), can inhibit feeding (Jennings 
et al., 2013). By contrast activation of GABAergic cells that project to the PVH leads to 
the simulation of feeding (Wu et al., 2015). A population of orexin-expressing cells 
within the LH is activated by food reward (Harris et al., 2005) and projects widely within 
the brain, both caudally to structures such as the PBN, to the VTA, and rostrally to 
ventral pallidum (VP), nucleus accumbens (NAc) and orbitofrontal cortex (Castro et al., 
2015). These studies suggest that orexinergic pathways are critical in allowing 
homeostatic processes that regulate energy balance to influence reward and the 
conditioned responses that lead to eating behaviour and are consistent with the 
involvement of the orexin system in addiction-related processes (Harris et al., 2005). 
However recent data shows that orexin-expressing cells are inactivated during eating 
and that their activation is associated with voluntary locomotor activity that may be 
more consistent with an arousal-like function (González et al., 2016; Herrera et al., 
2017), so re-evaluation or refinement of this hypothesis may be necessary. 
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Reward- and incentive-related structures. Berridge and colleagues have described the 
ways in which ‘wanting’ and ‘liking’ elicited by food reward are associated with 
activation of cells in the caudal VP, rostral NAc and related structures (Castro et al., 
2015)(Figure 1B). Hedonic responses to sucrose solutions are enhanced by the 
microinjection of either orexin or opioid agonists in VP (Ho and Berridge, 2013), and by 
opioid agonists in the NAc (Castro and Berridge, 2014). Cholinergic modulation of 
feeding behaviour may also involve the NAc (ML Perry et al., 2010). Obese humans 
chronically treated with the opioid antagonist GSK1521498 show a reduction in the 
responsiveness of the pallidum, probably including VP, to images of high calorie 
palatable foods as well as a reduction in a novel measure of motivational responding 
(Cambridge et al., 2013). Infusion of both GABA-A and GABA-B receptor agonists into 
the NAc shell leads to a profound activation of feeding behaviour (Stratford and Kelley, 
1997), although only GABA-A receptor stimulation leads to enhanced instrumental 
responding for food (Pulman et al., 2012). One mechanism through which NAc (shell) 
stimulation of GABA receptors may affect feeding behaviour is by stimulating the 
population of orexin-expressing cells in the LH (Baldo et al., 2004). 
The dopaminergic mesolimbic projection from the VTA to the NAc is importantly 
involved in response to food reward, and perhaps also in pathological responses to 
food such as bingeing, although the precise nature of that involvement remains a 
matter for debate (Salamone and Correa, 2013). More recently it has been shown that 
cells within the VTA express receptors for a range of other neurotransmitters that 
mediate such responding. 5-HT2C receptors are co-localised with markers for both 
dopamine and GABA in the VTA (Bubar et al., 2011), and a range of 
electrophysiological and biochemical data have demonstrated the inhibitory action of 5-
HT acting through this receptor subtype (Di Matteo et al., 2001). Activation of VTA 5-
HT2C receptors reduces feeding and responding for food on a progressive ratio 
schedule in mice (Valencia-Torres et al., 2016), and reduces sucrose drinking in a 
binge eating model (P Xu et al., 2017). Other receptors relevant to the modulation of 
feeding behaviour that are expressed within the VTA, include those for insulin and 
 13 
leptin (Figlewicz and Benoit, 2009). Activation of insulin receptors in the VTA induces 
long term depression (LTD) in glutamatergic synapses onto dopaminergic neurons in 
the VTA, and is also associated with reductions in both feeding behaviour and 
Pavlovian approach to food-related cues, but has no effect on instrumental responding 
in a progressive ratio task (Labouèbe et al., 2013). Local administration of leptin into 
the VTA reduces food intake whereas local knockdown of VTA leptin receptors 
increases the preference for both sucrose and a high fat diet (Hommel et al., 2006), 
and the effects of leptin on VTA cell firing resemble those produced by insulin 
(Thompson and Borgland, 2013). 
Other forebrain structures. Additional brain areas that are likely to make an important 
contribution to the modulation of eating behaviour include the hippocampus, amygdala 
and several prefrontal cortical areas that influence decision making and impulsivity 
(Figure 1B). Lesions of the hippocampus lead to marked changes in meal patterning 
(Clifton et al., 1998) that can be interpreted in terms of a deficit in the memory for 
recent episodes of eating behaviour (Higgs, 2008). In addition hippocampal lesions in 
the rat impair their ability to retain a discrimination in which the cue is whether they are 
currently sated or deprived (Davidson et al., 2010). Leptin locally administered into the 
hippocampus leads to decreased food intake and motivation to feed as well as a 
reduction in the expression of a food-based conditioned place preference (Kanoski et 
al., 2011). By contrast hippocampal infusion of ghrelin leads to increased feeding 
behaviour as well as enhancement of cue-potentiated feeding and a higher breakpoint 
on a food-rewarded progressive ratio schedule (Kanoski et al., 2013). In these two 
studies the effects of insulin and ghrelin were selective to ventral rather than dorsal 
hippocampus. The hippocampus is extensively connected with cortex and reward-
related structures through which these effects may be mediated. 
An elegant series of studies have suggested that connections between the basolateral 
nucleus of the amygdala (BLA) and LH also have a critical role in allowing external 
cues previously associated with food to stimulate feeding behaviour (Petrovich and 
Gallagher, 2003). This was demonstrated using both first and second order Pavlovian 
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conditioning procedures. The BLA-LH pathway targets orexigenic cells within the 
perifornical area of LH (Petrovich et al., 2012), suggesting that the same population of 
cells may be critical in mediating both the hedonic and reward-related effects discussed 
earlier, and these cue-related enhancements in feeding behaviour. This body of work is 
consistent with the much earlier literature on altered feeding responses in the Klüver-
Bucy syndrome and single cell recordings in awake non-human primates that are 
responding to feeding-related stimuli (Rolls, 2006).  
There is an extensive literature on the role of prefrontal cortical areas in reward, 
decision-making and impulsivity (Kim and Lee, 2011). It is likely that this is especially 
relevant to binge eating disorders and related conditions in which the behavioural 
phenotype shows some overlap with other conditions associated with impaired impulse 
control, such as drug addiction (Mole et al., 2015). However, in contrast to studies of 
(former) drug addicts, functional imaging studies comparing obese individuals, or those 
with another eating disorder, with control subjects do not show consistent changes in 
activation of frontal structures to presentation of images of food, cues predicting food, 
or the actual consumption of food (Ziauddeen et al., 2012), suggesting that care needs 
to be taken in drawing close parallels between obesity and addictive disorders 
(Ziauddeen and Fletcher, 2013).  
Specific evidence from non-human studies links the ventral medial prefrontal cortex 
(vmPFC) to amygdalar and hypothalamic feeding circuits. Lesions of vmPFC disrupted 
cue-potentiated feeding but had no effect on food intake or body weight (Petrovich, 
Ross, Holland, et al., 2007), and a subsequent study revealed specific activation and 
recruitment of neurons projecting from BLA to vmPFC during the acquisition of a tone-
food pairing that produced cue-induced responding to food (Keefer and Petrovich, 
2017). Opioid receptor stimulation in PFC also increases feeding and food-seeking 
behaviour, but in ways that are distinct from the effect within NAc (Selleck and Baldo, 
2017). These authors suggest that the differences arise from the PFC-LH pathway 
being essentially excitatory in functional terms, whereas the NAc-LH pathway acts to 
disinhibit it’s target (Selleck and Baldo, 2017). At a clinical level this suggests that 
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excessive opioid tone in NAc or PFC may lead to a disorganised, yet high, motivational 
state that underlies binge eating and related disorders. There is also an extensive 
literature on the representation of the taste, texture and smell of food within the primate 
cortex (Rolls, 2006). Neurons in orbitofrontal cortex show responses to food 
characteristics that are modulated by physiological state. They may also show changes 
in responding that parallel processes such as sensory-specific satiety. Hence 
orbitofrontal cortex may be a critical substrate for multimodal representations of food 
stimuli that are modulated according to their current reward value. 
In summary, the last two decades have seen a marked change in the understanding 
the neural control of feeding behaviour. The homeostatic, reward- and learning-related 
components of this process rely on an extended neural network including key 
brainstem nuclei, hypothalamic, limbic and cortical structures, with a complex interplay 
between them. As is often the case these advances have been permitted by technical 
developments that allow individual projection sites from cells with an identified 
neurochemical signature to be either inhibited or excited using a mix of genetic, viral 
targeting and drug or optogenetic manipulations. These studies have demonstrated a 
previously unappreciated variety in the relevant neurotransmitters and hormones, and 
in the range of structures through which they may modulate this distributed network. 
Targets for the pharmacological treatment of obesity 
This growing understanding of the complexity of the physiological and neural control of 
feeding behaviour has multiplied the number of potential targets for drug treatment of 
obesity as described in many recent reviews (Adan, 2013; Chatzigeorgiou et al., 2014; 
Kennett and Clifton, 2010; Pucci and Finer, 2015; Sargent and Moore, 2009). In 
addition the output side of energy balance and its relationship to body weight regulation 
and adiposity is now gaining greater attention. The impact of variation in the gut 




Drugs enhancing monoamine function were amongst the earliest to be used as anti-
obesity treatments, but serotonergic targets seem more likely to be pursued than either 
noradrenaline or dopamine in the future. There is substantial likelihood of peripheral, 
especially cardiovascular, side effects with many noradrenergic drugs (Pucci and Finer, 
2015) and this has led to compounds such as the mixed monoamine reuptake inhibitor 
sibutramine being withdrawn from clinical use. However the monoamine releaser 
phentermine, approved for the treatment of obesity by US regulators in 1959, remains 
in widespread use. The selective serotonin reuptake inhibitor fenfluramine was also 
withdrawn due to side effects, including an association with cardiac valvulopathy 
(Connolly et al., 1997). This spurred studies to identify the 5-HT receptor subtypes that 
were crucial in modulating feeding behaviour. The 5-HT2C receptor was subsequently 
identified as one through which serotonin (Tecott et al., 1995) and fenfluramine 
(Vickers et al., 1999) enhance satiation Subsequently this receptor subtype has 
received considerable attention in terms of drug development (Voigt and Fink, 2015), 
leading to clinical trials of the 5-HT2C receptor agonist lorcaserin (SR Smith et al., 2009) 
(Aronne et al., 2014) and its approval by US regulators in 2012. Although there is 
evidence for a role of other serotonin receptor subtypes in the modulation of feeding, 
the widespread expression of these receptors elsewhere in the body predicts potential 
significant side effect issues. To take one example, although activation of the 5-HT1B 
receptor subtype is important in modulating both brainstem (MD Lee et al., 1998) and 
hypothalamic (Doslikova et al., 2013) control of feeding behaviour, there would be 
likely concern in relation to potential side effects on pulmonary hypertension with 
clinical use of selective agonists at this receptor (MacLean and Dempsie, 2009). 
Peptide targets 
Gut-related peptides. Gut-related peptide receptors represent a second obvious set of 
targets. Amongst these liraglutide, a glucagon-like peptide 1 (GLP-1) receptor agonist 
is already approved, in part because it was already in clinical use as an adjunct to the 
treatment of diabetes when it’s effects on body weight were recognised. GLP-1, and 
liraglutide, stimulate the secretion of insulin while inhibiting the secretion of glucagon 
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from the pancreas, as well as slowing gastric emptying (Drucker and Nauck, 2006). 
GLP-1 and it’s analogues also reduce feeding after ICV injection (Turton et al., 1996) 
and more recent studies have indicated several potential sites of action including, most 
recently, a possible effect through modulation of raphe serotonergic projections 
(Anderberg et al., 2017). Following trials in obese subjects without diabetes (Astrup et 
al., 2009; Pi-Sunyer et al., 2015) the use of liraglutide for treating obesity was approved 
by European (2015) and US (2014) regulators, and several other GLP-1 receptor 
agonists are under active investigation (Fosgerau and Hoffmann, 2015; Tan and 
Bloom, 2013). There is also considerable interest in combining GLP-1 agonism with 
action at a second peptide receptor. For example, there is a synergistic effect of 
liraglutide and neurotensin in inhibiting palatable food intake in mice which may 
indicate clinical potential for this combination (Grunddal et al., 2016). 
Polypeptide YY (PYY) and oxyntomodulin analogues provide alternative approaches in 
this area. PYY reduces food intake in rats (Batterham et al., 2002), although this result 
is controversial (Tschöp et al 2004) and a detailed behavioural profiling of PYY3-36 
using the behavioural satiety sequence did not support a potential anti-obesity action 
(Rodgers et al., 2010). PYY is also reported to reduce food intake in normal weight and 
obese humans (Batterham et al., 2003). Oxyntomodulin reduces food intake in rodents 
(Dakin et al., 2001) and has the same effect in humans by both increasing energy 
expenditure and reducing energy intake (Wynne et al., 2006). However PYY- and 
oxyntomodulin-based therapies have not yet advanced beyond small scale trials.  
The potent orexigenic action of NPY would suggest that antagonism of NPY Y1 and Y5 
receptors represents a plausible treatment for obesity. Although highly selective Y1 
antagonists have been developed and advanced to clinical trials and did lead to 
additional weight loss in participants on a very low calorie diet, the results were not 
judged to be clinically meaningful (Erondu et al., 2007). Selective agonism at the MC4 
receptor represents another potential route to obesity treatment that is under active 
investigation. RM-493 (setmelanotide) is one such a compound that has been shown to 
shown to reduce food intake in rodents, and to have a synergistic effect with liraglutide 
 18 
in this regard (Clemmensen et al., 2015). Setmelanotide is currently in Phase 2 trials 
for obesity and in Prader-Willi syndrome, where excessive food intake and obesity is a 
common complicating feature. 
Opioid peptides. There is long standing evidence that opioid peptide receptor 
antagonists may have substantial effects on diet selection in humans (Yeomans et al., 
1990), consistent with their effects on hedonic responding in NAc and VP that were 
described earlier (Castro and Berridge, 2014; Ho and Berridge, 2013). Such findings 
have suggested that opioid antagonists might have utility in the treatment of eating 
disorders, and the  opioid receptor antagonist GSK1521498 has shown promise in 
obese individuals who also scored highly on a binge-eating clinical screen (Ziauddeen 
and Fletcher, 2013). An opioid receptor antagonist is one component of Contrave, a 
fixed dose combination of sustained release naloxone and bupropion, which has been 
the subject of several Phase 3 trials (Kennett and Clifton, 2010) but no detailed 
investigations of the effects on detailed components of human feeding behaviour are 
available. Contrave was approved by US regulators in 2014 and EU regulators in 2015. 
Cannabinoids. There is also extensive evidence for the involvement of the cannabinoid 
system in the bidirectional modulation of feeding behaviour and energy balance 
(DiPatrizio and Piomelli, 2012). The cannabinoid agonists 9-tetrahydrocannabinol and 
anandamide enhance feeding behaviour in a behaviourally selective manner (Williams 
and Kirkham, 2002). Changes in licking microstructure produced by the cannabinoid 
antagonist rimonabant suggested a reduced motivation to feed (Thornton-Jones et al., 
2007), which is consistent with reduced responding on a second order schedule prior 
to food reward being made available (Thornton-Jones et al., 2005). Cannabinoid 
receptors are expressed in both the CNS and peripherally, with the CB1 receptor being 
more extensively expressed within CNS areas relevant to feeding, including brainstem, 
several hypothalamic nuclei, and the NAc and VP (Di Marzo and Matias, 2005). 
Rimonabant was briefly approved by European regulators for the treatment of obesity, 
but then withdrawn due to concern over side effects related to depression and suicidal 
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ideation (Christensen et al., 2007). There was limited evidence of such effects in a 
small minority of participants within all groups of a trial that used sibtramine, orlistat or 
a lifestyle modification, raising the possibility that dysphoria may be a more general 
characteristic of obesity treatment (Faulconbridge et al., 2009). Following the 
withdrawal of rimonabant several other development programmes for centrally acting 
cannabinoid antagonists were abandoned, although interest remains in developing 
peripherally acting compounds that enhance energy expenditure through effects on 
metabolism or brown adipose tissue (DiPatrizio and Piomelli, 2012). 
Other potential targets 
Although the major focus in developing centrally acting anti-obesity drugs has been on 
relevant neurotransmitter and hormonal systems, there is also interest in cellular 
signals of energy availability. The highly conserved enzyme 5' adenosine 
monophosphate-activated protein kinase (AMPK) has attracted considerable attention 
as an intracellular energy sensor. When the cellular energy status drops AMPK is 
activated, leading to stimulation of catabolic pathways and ATP production, and a 
reduction in the activity of anabolic pathways (Long and Zierath, 2006). Within the 
hypothalamus AMPK plays a critical role in mediating the effects of ghrelin, leptin and 
insulin. Increased levels of ghrelin stimulate AMPK activity, and pharmacological 
blockade of this action prevents the expected stimulation of food intake (Stark et al., 
2013). AMPK activation permits ghrelin to produce a prolonged activation of AGRP 
expressing cells in the AH and suggests that it may play a critical role in maintaining 
motivational states that stabilise behavioural output by acting as a neuronal ‘flip-flop’ 
(Yang et al., 2011). This raises the intriguing possibility that hypothalamic AMPK might 
be a potential target for anti-obesity drug development, although the importance of 
AMPK in so many other body tissues would make this a challenging goal. There is also 
evidence that activation of hypothalamic AMPK underlies the appetite- and weight-
enhancing effects of second generation antipsychotic drugs such as olanzapine (Zhang 
et al., 2013).  
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Serendipity continues to play a role in the identification of potential targets for anti-
obesity drugs. The anticonvulsant topiramate is associated with weight loss in clinical 
use and has subsequently been combined with phentermine in the controlled release 
preparation Qnexa. Treatment with this drug combination leads to clinically significant 
weight loss (Allison et al., 2012; Gadde et al., 2011) and it was approved by US 
regulators in 2012. In rodent models topiramate reduces food intake but may also have 
independent effects on energetic efficiency and fat deposition (Picard et al., 2000). It 
may act through enhancement of leptin signalling and also leads to increased 
expression of anorexigenic neuropeptides including POMC in the hypothalamus 
(Caricilli et al., 2012). 
In summary, an expanded understanding of the neural and physiological substrates 
has led to a period in which several novel pharmacological treatments for obesity have 
been introduced with many more at early stage development. 
Preclinical ‘models’ for eating behaviour 
Preclinical models play an important role in deciding whether development 
programmes should proceed and can reflect much of the behavioural complexity that is 
evident in in human eating behaviour. 
Food intake and pair feeding 
The simplest, and perhaps still the most commonly used, preclinical ‘model’ used to 
screen putative anti-obesity drugs is the measurement of food intake in food-deprived 
rodents over a period of 30-120 minutes following the treatment of interest. Although 
this measure has the undeniable advantage of simplicity and ease of use, it also has 
multiple disadvantages (Vickers and Clifton, 2012). A mammal such as a rodent may 
eat less for a variety of reasons. The drug treatment may have induced sensory or 
motor dysfunction, malaise or a hypnotic effect. Even in cases where a drug, such as 
amphetamine, is rewarding in other contexts, it may nevertheless be able to induce a 
conditioned taste aversion with repeated administration (Wise et al., 1976). In rarer 
 21 
cases the interest may be in evaluating potential increases in feeding, for example in 
evaluating a potential treatment for anorexia. Even in this case there are potential 
confounds. Mild stress, for example, is a potent stimulant of food intake under chronic 
conditions, although an acute stressor may lead to a short term decreases or increases 
in feeding dependent on the specific feeding paradigm that is being used (Adam and 
Epel, 2007). 
However measurements of food intake and body weight remain a useful preliminary, 
especially when combined with physiological and metabolic measures in a preclinical 
model of obesity. Genetic models, such as the fatty Zucker rat, which has a missense 
mutation of the gene for the leptin receptor (Chua et al., 1996), show greatly increased 
body weight, increased blood lipid levels and insulin resistance as well as hypertension 
(Kurtz et al., 1989). An alternative approach is to use a varied diet that is high in fat and 
sugar (‘cafeteria’ or ‘Western’ diet) which will reliably induce obesity in rodents. The 
effects are reversible and recapitulate many of the physiological features of metabolic 
syndrome (Gomez-Smith et al., 2016). Such diets, may also lead to cognitive 
impairment in spatial tasks as well as CNS changes characteristic of low grade 
inflammation (Boitard et al., 2014). 
The fundamental question of whether a drug treatment affects the input or output sides 
of the energy balance equation may be assessed using the pair feeding paradigm. The 
standard design will normally involve three groups of animals and compares changes 
in body weight, typically over 7 to 14 days, with food intake being accurately measured 
each day. Where the focus is on a treatment that is expected to reduce body weight, a 
control group, treated only with the drug vehicle, will receive ad-libitum food for this 
period and an experimental group the drug treatment of interest. A third matched 
control group will also receive vehicle treatment each day but, crucially, will only be 
allowed the amount of food eaten by the experimental group, which is expected to be 
less than the first control group. A comparison of the body weights at the end of the 
experiment will indicate the likely mechanism underlying this difference. If the treatment 
and matched control groups lose similar amounts of weight then reduced energy intake 
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is the likely explanation. If, on the other hand, the drug treatment group loses 
significantly more weight than the food-matched control group then it is likely that 
enhanced metabolic rate, or increased ‘voluntary’ activity, has led to the loss of weight. 
The paradigm has been used, for example, to demonstrate that the melanin-
concentrating hormone receptor 1 agonist AZD1979 reduces body weight by 
decreasing energy intake (Ploj et al., 2016), and that a substantial part of the anti-
hyperglycaemic effect of liraglutide is accounted for by a reduction in body weight 
(Sturis et al., 2003). This technique has also revealed an interesting difference in the 
effect of various CB1 receptor ligands on energy intake and body weight. Reduced 
body weight in rats treated with the CB1 receptor inverse agonist rimonabant can be 
substantially attributed to enhanced energy utilisation (Bajzer et al., 2011), whereas 
reduced body weight associated with treatment with the neutral CB1 receptor 
antagonist AM4113 is a consequence of reduced food intake (Cluny et al., 2011). 
The design is easily adapted to examine the reasons for increased food intake induced 
by some antipychotic drugs that may account for their propensity to induce obesity 
(Reynolds and Kirk, 2010). In this case both the active treatment and matched control 
groups receive drug treatment with the matched controls receiving the same amount of 
food as the other control group. Using this approach it was shown that increased food 
intake is necessary for olanzapine-induced increases in body weight (Davoodi et al., 
2009) in female rats, although it should also be noted that olanzapine treatment 
enhances adiposity in male rats without increasing body weight (Cooper et al., 2007). 
Although pair feeding has been regarded as a gold standard for dissociating the 
contribution of energy intake and expenditure to body weight changes, there are 
potential confounds to consider. If the drug treatment does enhance food intake then 
the food-matched experimental group will become steadily more food-deprived. This, in 
turn, has been shown to modify their food intake patterns and leads to bingeing 
immediately after the daily feeding period (Davoodi et al., 2009). A similar effect may 
be expected in experiments in which a drug-induced reduction in food intake is 
expected, but instead in the food-matched control group. The substantial alterations in 
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food intake patterns may in turn affect metabolism, clouding interpretation of the 
outcome of the experiment (Russell et al., 2008). 
Ethologically-based models of feeding behaviour 
Better alternatives to simple intake measures may be chosen by identifying the specific 
behavioural features of an eating disorder and the likely mechanisms through which a 
drug treatment might be expected to operate. There has been an emphasis on 
developing drug treatments that enhance satiation and satiety and several behavioural 
screens have been developed that have a limited degree of construct, face and 
predictive validity (Willner, 1984). The most widely used is the behavioural satiety 
sequence, although meal patterning and licking microstructure paradigms are also 
valuable. 
The behavioural satiety sequence paradigm was derived from observations of Richter 
and further developed by Antin and others (Antin et al., 1975). The basis of the method 
is to provide a rodent with a familiar but palatable meal. The behaviour that 
accompanies and immediately follows feeding is recorded within broad categories such 
as feed, active, rest and groom. A meal is typically followed by a mix of active 
behaviour and organised bouts of grooming followed by rest and sleep. Manipulations 
that are likely to induce malaise or hyperactivity will disturb this natural sequence of 
behaviour whereas a treatment that enhances satiety would be expected to result in 
the normal sequence of behaviour occurring after the consumption of a smaller amount 
of food than would have been expected without that manipulation. A satiety-like effect 
has been confirmed for a variety of agents including 5-HT2C receptor agonists (Hewitt 
et al., 2002), opioid receptor antagonists (Tallett et al., 2008) and the combination of 
naltrexone and bupropion (Wright and Rodgers, 2013). Rodgers has provided a recent 
detailed review of the strengths of this technique (Rodgers, 2016). 
Records of meal patterning provide an alternative technique that can provide 
information about the likely mechanisms underlying a change in food intake patterns. 
The original methodology was developed by Kissileff who adapted the standard pellet 
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delivery mechanism used in operant cages to make a single pellet available at all times 
in the food magazine, and to record when the animal ate (Kissileff, 1970). In this 
situation rodents eat in clearly defined meals, that is periods in which they take pellets 
every 10-20 seconds, with much longer intervening periods in which they do not eat 
(Clifton, 2000). More recently there has been a switch to continuous weighing of a food 
hopper to provide similar data. This has the advantage of allowing easy modification of 
the diet, but provides a much less fine grained record that may be susceptible to 
artefacts caused by animal movement. 
A change in the amount of food eaten may be associated with one or more changes in 
meal parameters. For example, a reduction in meal size, with no change in meal 
frequency suggests an enhancement of satiation, that is the cues responsible for meal 
termination, whereas a reduction in meal frequency with no change in meal size would 
suggest a reduction in hunger, that is the factors responsible for meal initiation. If meal 
size reduced, but meal frequency increased, with no overall change in food intake then 
an enhancement of short term satiation factors, but no impact on the sustaining of 
satiety in the inter-meal interval would account for the data. Reductions in feeding rate 
during a meal can provide a sensitive indicator of motor impairment, for example 
dopamine receptor antagonists may both enhance meal size and food intake while 
simultaneously slowing the rate of feeding (Clifton et al., 1991). Although feeding and 
drinking behaviour are correlated, drinking should be monitored with similar temporal 
precision to feeding providing a partial control for effects on feeding behaviour. The 
value of such data was demonstrated in a study of the effects of a 5-HT1B receptor 
agonist on feeding patterns in which, despite previous reports of a relatively normal but 
advanced satiety sequence (Halford and Blundell, 1996), the meal patterning approach 
demonstrated more profound reductions in water intake than in food intake (Lee et al., 
2002). In contrast the 5-HT2C receptor agonist Ro 60-0175 produced a more profound 
reduction in food than in water intake (Clifton et al., 2000) which is more consistent with 
selective enhancement of satiety for food. 
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A technique with a similar underlying rationale, but operating on a finer time scale, 
relies on the recording of licking patterns of rats or mice as they ingest a palatable fluid. 
As with meal patterns, the behaviour is highly structured and distinctly different 
changes in the bout structure of licking result from changes in fluid palatability or food 
deprivation (Davis and Perez, 1993). Comparison of the effects of obtained following 
different drug treatments may therefore give an insight as to how they affect food 
intake in other contexts. Such studies have suggested that cannabinoid and 
benzodiazepine agonists increase appetite by enhancing palatability (Higgs and 
Cooper, 1998; Higgs et al., 2003) and that atypical antipsychotic drugs such as 
olanzapine reduce satiety signals, leading to excess food intake and weight gain 
(Hartfield et al., 2003). 
Addiction-derived models 
More recently, with the growing appreciation of the importance of reward-related and 
hedonic influences on eating behaviour (Kenny, 2011), coupled with the identification 
of extra-hypothalamic forebrain mechanisms though which peripheral signals such as 
insulin and leptin (Stice et al., 2012), as well as neurotransmitters such as serotonin (Di 
Matteo et al., 2001), may influence feeding, there has been increasing interest in 
preclinical behavioural models that may reflect these processes. Such models have 
frequently been derived from studies of other forms of aberrant reward-related 
behaviour, especially those involving drugs of abuse (Smith and Robbins, 2013), 
although the parallels are not exact (Ziauddeen et al., 2012). 
Excessive consumption of both food (Schag et al., 2013) and drugs of abuse (Perry 
and Carroll, 2008) has been linked to increased impulsivity. This provides a clear 
rationale for the use of tasks that evaluate impulsivity as part of the preclinical screen 
for drugs that may be used to treat eating disorders. Thus the 5-HT2C receptor agonist 
lorcaserin reduced premature responding in the 5 choice serial reaction time task (5-
CSRTT), and also reduced impulsivity in a go-nogo task (Higgins et al., 2016). 
However, in the same study, lorcaserin was without effect in a delay discounting task. 
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Eating behaviour may be stimulated by cues associated with the availability of food in 
rodents (Petrovich, Ross, Gallagher, et al., 2007; Weingarten and Martin, 1989) and 
young children (Birch et al., 1989) and has a persistent character (Reppucci and 
Petrovich, 2012). Responding for food in a second order schedule, similar to that used 
to study the effects of drugs of abuse (Everitt and Robbins, 2000), can be maintained 
by presentation of a neutral CS associated with the later delivery of food. Responding 
for such a CS, in the absence of actual food consumption is reduced by 5-HT2C 
receptor agonists indicating an effect other than on satiation and satiety (Somerville et 
al., 2007). In a related paradigm it has been shown that the 5-HT2C receptor agonists 
lorcaserin and CP-809101 reduce reinstatement of food seeking behaviour after 
prolonged extinction of VR5-FI20 schedule responding (Higgins et al., 2016). During 
the reinstatement test the conditioned cue is presented in the absence of food 
reinforcement. The reinstatement paradigm is also widely used to study drugs of abuse 
(Crombag et al., 2008). 
Binge eating disorder 
Binge eating disorder (BED) was specifically recognised in DSM 5 (American 
Psychiatric Association, 2013) as an eating disorder subtype in which the bingeing 
episodes are characterised by “Eating, in a discrete period of time (e.g., within any 2-
hour period), an amount of food that is definitely larger than what most people would 
eat in a similar period of time under similar circumstances” and “a sense of lack of 
control over eating during the episode (e.g., a feeling that one cannot stop eating or 
control what or how much one is eating)”. Body weight may be increased but this is not 
a diagnostic feature. BED has been tentatively linked to disturbances in impulse control 
or emotion regulation, or to some combination of both factors (Leehr et al., 2015). 
There are several preclinical models of BED including regular but limited access to 
sugar, a combination of regular prior food deprivation with stress, and a limited but 
unpredictable access to palatable food (typically chocolate) that promotes binge eating 
in the absence of increased body weight (Corwin et al., 2011). The last of these models 
has been adapted to evaluate putative treatments for BED. The novel  opioid receptor 
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agonist GSK1521498 reduced binge-like feeding in this paradigm and also decreased 
the incentive motivation for chocolate provided on a second order schedule (Giuliano et 
al., 2012). Lis-dexamphetamine has a similar effect which may be mediated through an 
indirect action at α1-adrenoceptors (Vickers et al., 2015). An important issue in using 
such tasks is the possible confound of eating that is binge-like in character, as opposed 
to excessive intake that is simply driven by palatability or hedonic factors. Appropriate 
control groups, not always included in such studies, will help to resolve this issue and 
are discussed by Corwin (Corwin et al., 2011). 
Choosing models of eating behaviour 
This brief survey of preclinical models that may have utility in the development of novel 
treatments of eating disorders and obesity illustrates several important points. Eating 
behaviour in rodents and other commonly used experimental animals is subject to 
much of the same complexity at an individual level that is evident in human eating 
behaviour. A clearer understanding of the behavioural features associated with obesity 
and, more broadly, obesity phenotypes, as well as other eating disorders in our own 
species will almost certainly inform the development of preclinical models that will have 
a greater degree of face, construct and predictive validity (Willner, 1984) for the drug 
development process. However the choice of a single model may well be misleading, 
as will an emphasis that is solely restricted to feeding behaviour. Broader behavioural 
screens have been described for both rat (Whishaw and Kolb, 2005) and mouse 
(Crawley, 2000). In addition pre-clinical models developed in non-human animals can 
aid the development of similar models in humans that may be particularly valuable in 
the early phases of the drug development process (Murray et al., 2014; Thomas et al., 
2014). Thus a comprehensive approach to preclinical behavioural screening of putative 
drug treatments is likely to enhance the probability of successful identification of 
putative anti-obesity drugs in the early stages of a drug development programme. The 
development of 5-HT2C receptor agonists for the treatment of obesity provides a good 
example of this approach in practice. The actions of such compounds were evaluated 
in a wide variety of preclinical paradigms prior to the successful completion of Phase 1, 
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2 and 3 clinical trials. Studies published since that time have refined the understanding 
of the behavioural effects of this class of drug and suggested their utility for the 
treatment of a broader range of conditions. There is also potential for the results of 
such studies to be extended to humans, perhaps suggesting ways in which their 
effectiveness in treating obesity could be enhanced. 
 
Concluding remarks 
In this brief review I have provided a synthesis of the literature concerning the neural 
circuitry underlying feeding and the implications for the identification of targets for anti-
obesity drug development, coupled with a description of the preclinical models that are 
used to evaluate feeding behaviour in the early stages of such programmes. Our 
understanding of the neural circuitry for feeding has undergone at least two major shifts 
since the mid 20th century. The three decades following the landmark studies 
investigating hypothalamic function were dominated by a hypothalamo-centric model of 
mutually inhibitory centres for appetite and satiety within a homeostatic theoretical 
perspective. Advances in our understanding of the broader control of both motor and 
motivated behaviour led to the replacement of this theoretically limited model with one 
that envisaged the hypothalamus as part of a distributed system that also includes 
many other structures in the forebrain and brainstem (Hoebel, 1971). In turn this has 
emphasised that eating behaviour and energy balance are influenced both by 
homeostatic and non-homeostatic reward-related and cognitive processes. In a sense 
this simply marks a return to the position adopted in the first decade of the 20th century 
when Walter Cannon distinguished hunger from appetite on a similar basis (Cannon 
and Washburn, 1912). 
In parallel with these theoretical developments has been the refinement of a wide 
range of non-human preclinical models which have been used in the basic empirical 
research that has led to these advances in our understanding of the brain mechanisms 
that control and modulate feeding behaviour and energy balance. It is less clear 
whether our understanding of the multifactorial causes of human obesity has advanced 
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sufficiently to properly guide the choice of preclinical models of eating for a drug 
development programme. It seems likely that there would be substantial gains from a 
tighter linking of human clinical and preclinical studies with the non-human preclinical 
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Figure 1. Diagrammatic representation of the major pathways referred to in the text that 
project from brainstem nuclei (A) or from the forebrain (B). Projections terminating 
with a dot have a broadly inhibitory functional effect on feeding behaviour, whereas 
those terminating with an arrow have a broadly facilitatory effect. Relevant brain 
areas are shown in violet except for the NAc where the graded colours represent 
the gradient of response described  by Berridge and co-workers (see text) with 
green and purple respectively used to code appetitive and aversive responses. 
Neurochemically defined pathways are colour coded and the remainder shown in 
black. The brain outline is based on that for the mouse. 
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